INTRODUCTION
Debris flows are mass movements composed by a viscous mixture of debris and water, very fast and highly mobile, with great energy and destructive power [Takahashi, 2007 ; Hungr et al ., 2014] . They occur in small basins with high hypsometric gradient and are characterized by : i) a zone of nucleation or initiation; ii) a channeled transport zone; and iii) a deposition zone downstream, characterized by the formation of depositional fans [Jakob and Hungr, 2005] .
The initiation zone of debris flows corresponds to the region where there is slope failure on steep rock slopes, ravines or marginal channels (Fig.1) . These material is entrapped by ravines or channels and loose the cohesion, generating debris flows . This process occurs either in sub-basins of order one or zero, associated with positive relief breaks, with slopes between 20-45 [Jakob, 2005] .
Initiation zones have implications with hazard mapping, because it controls the generation and run-off of debris flows [Coe et al., 2008] . Due to their physical characteristics, the initiation zones are usually poorly monitored, and consequently the rainfall conditions or soil moisture of these areas is poorly understood.
The study of the relationship between rock and its weathering products is important to understand the nucleation of shallow translational landslides which trigger debris flows [Chiu and Ng, 2014] . Several types of classifications have been proposed to account for the complexities of the granitic regolith profiles Original Article 1 Dept. Geology and Natural Resources, State University of Campinas (rua Carlos Gomes, n Cidade Universitária, Campinas -Brazil) E-mail : jeffpicanco@ige.unicamp.br Debris flows are a singular type of mass movement with high impact and great destructive power. They occur in small catchments with high relief. Debris flows are generated by landslide nucleation in steep initiation zones. The understanding of geological and geotechnical behavior of the regolith and colluvium in these areas is very important to understand debris flows generation and runoff. The present study analyzes a 2.5 m thick regolith profile in a granite saprolite, located in a large scar slip (4.3 km 2 area) in the Gigante's Creek catchment in the Serra do Mar range, southern Brazil. Six samples were taken, corresponding to (1) Fresh rock ; (2) Slightly weathered rock ; (3) Soft weathered rock II ; (4) Soft weathered rock I ; (5) Transition zone material and (6) Homogeneous saprolite. Quartz is the most common mineral occurring throughout the profile, while biotite only occurs in deeper horizons. Illite, halloysite, gibbsite, and kaolinite are the secondary minerals at the intermediary zones of the profile, while kaolinite and gibbsite dominate the top of the profile. The proportion of texturally sandy material increases from top to bottom of the profile. The transition zone material, sampled at intermediate portions, have the same textural behavior as the catchment's colluvial materials. The physical indexes show that specific weight of solids (γ s) increase with depth, with the less dense newly formed phase in the upper portions of the regolith. The differences in the voids ratio (e) and soil moisture (W ) show variations within the profile, and that coincides with the kaolin minerals formation and major landslide disruption zones observed in the field. The understanding of these phenomena will help in defining the initiation zones of landslides with the potential to set off debris flows generated by translational landslides. [Lan et al., 2003 , Marques et al., 2010 .
The conspicuous presence of rock, regolith and colluvium material is an important characteristic of the initiation zones (Fig.2) . Both granitic regolith and colluvial related material contribute to debris flows trigger and runoff. The erosion of older colluvium can increase the volume of material entrapped in the talweg [Coe et al., 2008] .
The occurrence of debris flows in areas with isotropic rocks, as plutonic to subplutonic igneous rocks, generates a sandy regolith with the constant presence of rock blocks ranging to pebbles to boulders [King, 1996 ; Wang et al., 2015] .
The main geotechnical differences between regolith and colluvium are : grain size, void ratios and plasticity indices [King, 1996] . These variables are function of several characteristics related to texture, structure and mineralogy of the regolith. The combined geotechnical and mineralogical characterization has been useful to the regoliths characterization. The observed breaking down of feldspars and the formation of clay minerals such as illite and kaolinite are also important for determination of rock/regolith cohesion [Rocchi et al., 2015] .
The present research aims to integrate mineralogical analysis of a granitic regolith with its geotechnical characteristics, in a tropical environment as the Serra do Mar range in the south-southeastern Brazil. This area, which will be more detailed described below, was hit by an intense hydrological event in March/2011.
METHODOLOGY
The topographical bases were aerial photographs and orthophotographs 1 : 25.000 scale (1980), with 10 m equidistance level curves, performed by the Office of Cartography and Geology of Paraná State [ITCG-PR , 2014] . The digital elevation model (DEM) was obtained from ASTER-GDEM images. That image was used to derive the maps of steepness, elevation, aspect and other morphometric characteristics of the catchment. The landslide scars, stream channels and depositional areas were inventoried in GIS environment with the satellite image use Worldview 1 m accuracy, obtained on 2011, May 5 th , few months after the hydrological event. The 3 D image was obtained using software ArcScene , combining Worldview and ASTER-GDEM images.
In the field, the scars of the initial zones were described, and disturbed regolith samples were collected for mineralogical and geotechnical analysis.
Petrography of the fresh rocks was performed to define the textures and mineral assemblages. The XRD analyzes were carried out in the X-ray Diffraction Laboratory of the Geosciences Institute/UNICAMP. the X-ray diffractometer is an Bruker, model D 2 Phaser, with a vertical scanning goniometer and copper tube of 400 W power (λ CuKα 1.5406 ), using a BraggBrentano geometry in the continuous mode with a scanning speed of 0.25 min-1. Three samples of each clay-size fraction were prepared: oriented-aggregate specimens section, glycol section for expansive clays, and heated (500 ) section to destroy the kaolinite or halloysite structure. The diffractograms were analyzed with the X' Pert-Highscore software, using International Center for Diffraction Data (ICDD) catalog to identify the crystalline phases present.
Geotechnical analyses were described in regolith samples according to the procedures of Camargo et al . [2009] . The separation of coarse sand and fine sand fractions was made by sieving. The clay and silt fractions were obtained without the use of deflocculant. The soil consistency analyses were carried out International Journal of Erosion Control Engineering Vol. 11, No. 3, 2019 according to Brazilian standards (NBR 6459/84 and NBR-7180/1984).
STUDY AREA
The Serra do Mar range is a privileged area for study of mass movements of flow type. It comprises a 1000 Km long narrow mountainous zone along the Brazilian south-southeastern coast.
The soil characteristics and relief, as well as the urban settlement issues have triggered many problems related to the occurrence of debris flows [Coelho Neto et al., 2010; Dourado et al., 2011] .
The Serra da Prata Range is one of the local names for the Serra do Mar in the Paraná state Coastal zone (Fig.3) . Many debris flow occurred related to a March/ 2011 hydrological event. One of the most affected areas was the Gigante's creek catchment, located in the Jacarei River basin in the municipality of Morretes, Paraná state.
The Serra da Prata area
The Gigante (Giant)'s creek catchment is located in the Jacarei River basin, municipality of Morretes, on Paraná State sea shore. It is one of the several catchments of the Serra da Prata Occidental flank (Fig.4) .
The catchment has an area of 213.3 ha, with a maximum altitude of 890 m and base level at 27 m. The highest catchment areas have mainly rock outcrops and thin soil, covered by small bushes. The medium to low parts of the mountain range have dense rain forest vegetation, with large trees [Blum et al ., 2011] . Small farms occur in the lowland areas.
The basement in the Serra da Prata range consists mostly of Neoproterozoic granitoids, supracrustal rocks and shear fault rocks [Cury, 2009] . It is cut by swarms of Mesozoic mafic dykes with NW-SE direction. These rocks are covered by Cenozoic residual soils and sediments, both derived from the slope dynamics, and fluvial and marine processes [Angulo, 2004] .
The granitic rocks in the studied area consist of light gray coarse-grained biotite granites, with a porphyritic texture with phenocrysts up to 5 cm long. It has a well-defined N-S transcurrent mylonitic foliation, defined by quartz ribbons and plagioclase orientation.
The granites are cut by rectilinear and discontinuous dyke swarms with metric to decimetric thicknesses, ranging from a few to hundreds of meters long. They are composed of fine-grained diabase with sub-ophitic texture. These dykes are positioned in NW-SE shear fractures that mark the direction of the major drainage basin.
The residual soil profiles disclosed are shallow, with an average thickness ranging from a maximum of 2.5 m to an average of 1.5 m. The regolith is very heterogeneous, ranging from solum to altered saprolite with metric boulders in some outcrops. Talus deposits are embedded in watercourses and in alluvial fan areas. Colluvium deposits are relatively rare and occur in interfluvial area. The fan deposits are present closer to the base level, mainly composed of alluvial materials mixed with sandy sediments and conglomerates of fluvial origin.
The march/2011 meteorological event
The hydrologic event of 2011/March triggered translational landslides, debris flows, debris floods, and floods throughout the Serra da Prata range. There were three deaths and thousands left homeless, with losses of homes and infrastructure destruction [Picanço and Nunes, 2013] . The cumulative rainfall in the region reached values between 78-248 mm in the first 10 days of March, values that nearly doubled on March 11 th which set off the first landslide in Morretes and Antonina urban areas (Fig.3) . The rainfall reached 120 mm on March 12 th , as registered in the Paranaguá city raingauge (Fig.5) . On this day, according to account of the local people, large debris flows and debris floods were recorded in Jacarei River basin area. The Gigante's creek catchment was one of the most severely affected by the landslides and/or debris flows (Fig.6) . Landslide Inventories in the Serra da Prata area carried out by Sato and Picanço [in. prep.] show that more than 14% of the total Gigante's creek catchment area was affected by mass movements.
RESULTS

Geological characteristics
A single landslide scar was selected to investigate the geotechnical and mineralogical characteristics of the regolith. It is the largest landslide scar slip of the Gigante's creek catchment, with 43,833 m 2 area (Figs.6 and 7) . This local has an altitude of 615 m with an average slope between 25 and 35 . Four samples were collected, corresponding to color and cohesion variations of the material along the profile (Fig.8) . The bedrock consists of a coarse biotitegranite.
The sampled profile grades laterally to zones with more rounded pebbles and boulders with metric blocks spheroidal exfoliation (Fig.9) . The slip failure surface is situated mainly at the soft weathered I and soft weathered II limit (Fig.10) , rarely between the transition and soft weathered I zone, or soft weathered II-fresh rock limit.
Geological studies were performed in fresh rock (LLM-111 sample) and related slightly altered rock (LLM-106 E sample). These samples correspond to Class I-II of Hateway [2009] . The fresh rock was the only sample collected near the profile. In the lowest part of the profile (Fig.8) , the LLM-106 E sample corresponds to the least altered rock material with a relatively high cohesion (slightly weathered granite). It consists in a granite with pale white color, due to the feldspar discoloration.
The LLM-106 D and LLM-106 C samples corresponds to the granitic material with total transformation of feldspars. However, the main mineralogy and rock mineral textures are still visible. it correspond to Class III-IV of Hateway [2009] . The LLM-106 D sample [soft weathered rock II] presents a medium consistency and a pale white to yellow color. The LLM-106 C sample [soft weathered rock I] have a medium consistency and a reddish to yellow color.
The samples 106 B and A corresponds to Class V-VI [Hateway, 2009] . The LLM-106 B sample consists in a yellowish-red smooth material with low cohesion. It was correlated to a transition horizon between the highly weathered material and the moderately weathered rock. The granite minerals and textures are hardly visible.
The LLM-106 A sample corresponds to the upper saprolite, just below the solum, which was not sampled. LLM-106 A sample is composed by a reddish material, granular, homogeneous, and with low consistency.
Fresh rock and regolith mineralogy
The petrographic and XRD results for mineralogical profile are presented in Table 1 . Petrographic studies on thin section were performed in fresh granitic rock (LLM-111 sample) and related slightly altered granitic rock (LLM-106 E sample).
The fresh rock ( LLM-111 sample ) is a heterogranular, medium to coarse grain sienogranite. It is composed of quartz, plagioclase, K-feldspar, biotite, and the minor hydrothermal secondary minerals epidote, white mica and chlorite. Quartz has undulating extinction, subgrains and quartz ribbon deformational microstructures. The K-feldspar and plagioclase occur as euhedral crystals with sub-grains and folded twined textures. These feldspars are frequently altered to epidote and white mica. In the slightly altered sienogranite (sample 106 E in the profile), the plagioclase and K-feldspar are partial or completely altered to fine white mica (probably illite). Plagioclase is also partially altered to epidote, and biotite to chlorite.
The clay minerals determined by XRD analyses are kaolinite, illite, halloysite and smectite ( Table 1) . The aluminum hydroxide gibbsite is found in all weathered zones.
In the soft weathered rock II, biotite is still observed with quartz as primary mineral. Illite and gibbsite are the main secondary mineral assemblage. In the soft weathered rock I and transition zone the main secondary mineral assemblage is kaolinite, illite, halloysite, and gibbsite. The homogeneous saprolite is composed of kaolinite, gibbisite and smectite.
Geotechnical analysis
The granulometric curves of LM-106 profile samples (Fig.11) showed a well-graded distribution. It is also However, the amount of clay in the samples is underestimated, once the tests were made without deflocculant to analyze the actual behavior of the material in the soil.
The results for the collected samples suitable for the cohesion tests were plotted on the Plasticity Chart (Fig.12) . The sandy nature of LLM 106 B, C and D samples did not allow the cohesion tests. In the Plasticity Chart, the sample LLM 106 A plotted in the field of low plasticity silt (ML). Samples LLM 108 and LLM 109 represent colluvium materials of the lower portions of the catchment. These samples are in the field between low plasticity silt (ML) and low plasticity clay (CL). The obtained Soil Geotechnical parameters values are shown in Table 2 . It is observed that the natural Table 1 Mineral assemblage of selected samples, detected by petrography and x-ray diffraction (XRD) analyses. specific weight (γ nat) and the specific weight of solids (γ s) of the soil increase with depth. On the other hand, the soil moisture (W) and the void ratio (e) decreases with depth. The saturation degree (Sr) increase until the soft weathered rock I horizon and increases below at the soft weathered rock II.
It is important to point out that the soft weathered rock I (LLM 106 C) shows a more marked rupture in the analyzed parameters. The more noticeable been the increase in soil moisture (W) from 1.02% to 1.82%, and the void ratio (e) from 0.43 to 0.52. Also, the transition from soft weathered rock I to soft weathered rock II presents a great decrease in soil moisture (1.83 to 0.38) and void index (0.52 to 0.36). This transitions also show a significant increase in specific weights and in the degree of saturation (Sr).
DISCUSSION
The availability of flow-prone material in initiation zones is one of the most important susceptibility factors for the occurrence of debris flows in small catchments [Jakob, 2005] . The thickness and the weathering rate of the granitic regolith are critical to debris flow occurrence.
Serra da Prata area is a typical weathering-limited catchment, closely related to the tax of regolith formation. In the analyzed regolith profile, its thickness is quite shallow, with a maximum width of 2.5 to 3.0 meters (Fig.8) , as in many other cases previously analyzed in the Serra do Mar range [Wolle and Hachich, 1989 ; Avelar et al, 2011] .
The weathering of granitic rocks is characterized first by the action of water and other acids, which promotes the physical and chemical weathering [Wang et al., 2008] . The chemical weathering is the dominant process in weathering of tropical and subtropical areas [Chiu and Ng, 2014] . However, some parts of the rock are most resistant to the weathering, laying some fresh rock boulders in the profile (Fig.9) .
The typical granite regolith profiles are composed of fresh rock boulders and pebbles, and fine-grained weathered material mainly composed of sand to claysize textures [King, 1996] . In general, these fine materials are mostly composed of primary minerals such as quartz and biotite, and of newly formed minerals such as kaolinite, goethite, and gibbsite [McQueen and Scott, 2008] .
In the case of Gigante's creek catchment (Table 1) , epidote, white mica and chlorite in the fresh rock and least weathered rocks are considered to be part of hydrothermal alteration process. The primary mineral quartz is detected in the whole weathered profile.
Biotite is found only in deeper parts of the profile, together with the secondary illite and gibbsite minerals, related to less weathered materials (sample 106 D-soft weathered rock II).
The main secondary mineral assemblage of the middle portion of the profile is illite, halloisite, kaolinite, and gibbsite. Illite occurs in the soft weathered rocks (I and II) and transition zone. There is probably a full transition between: the breakdown of K-feldspar to white mica of the fresh granite, to secondary 2 : 1 illite in the altered rock, to the 1 : 1 kaolin minerals as halloysite and kaolinite. So the soft weathered rock I marks the first formation of the kaolin minerals.
Halloysite is a clay mineral with tubular structure, which occurs in two forms , meta-halloysite (dehydrated form) and hydrate halloysite [Irfan, 1996] . According to the author, the hydrate halloysite loses water when the relative humidity falls below 50% or the temperature rises above 50 . However is difficult to distinguish the two halloysite forms from XRD analysis.
For the further studies, it is very important to know the proportion between the kaolin minerals at the profile, because of soils containing halloysite, as the main clay mineral, present high plasticity , susceptibility to drying and higher compressibility than kaolinite [Wesley, 1973 ; Lan et al., 2013] .
The transition to the top of the profile (between transition zone and homogeneous saprolite) is marked by the disappearance of illite and halloysite and the presence of smectite with the secondary mineral assemblage of kaolinite, gibbsite, and smectite.
The gibbsite formation throughout the granitic weathering profile indicates that it is a relatively mature soil, even if the thin thickness of the regolith (up to 3 m). The occurrence of gibbsite and kaolin minerals throughout the granitic profile could also indicate that both groups of minerals formed at the same time from the feldspars [Irfan, 1996] .
Further MEV images will help to understand the relationship between the aluminum hydroxides and the clay minerals. According to [Lan et al., 2003] , gibbsite could coat and cluster the clay minerals in the soil, reducing the ability to absorb water, and physically International Journal of Erosion Control Engineering Vol. 11, No. 3, 2019 cement the grains, generating a true cohesion and thus strength of the soil.
As observed in Fig.11 , the studied materials are well graded, ranging from a sandy-dominated regolith in deeper parts to more silty and clayey-dominated in upper horizons. In agreement of Rocchi et al. [2015] and others, chemical weathering of granites use to generate well graded soils.
The granulometry curves also show that the particle size distribution of colluvial soil sample (108/ colluvium) is very similar to the intermediate profile samples 106 C) , and differs from the upper and lower part of the profile.
According to King [1996] , these behavior of the colluvial soil sample could be related to a mixture between topsoil and low plasticity highly to moderate weathered regolith during the mass movement. In the plasticity chart (Fig.12) , these samples plot in a narrow zone, similar to the Tsin Shan debris flow [King, op. cit.] .
As pointed out by Rocchi et al. [2015] and observed in the present study, the most important factors to affect the final composition of the soil are mineralogy, particle size, particle size distribution, and particle morphology of the mother fresh rock.
The specific weight of soils (γ s) shows the presence of less dense materials in the surface portions whereas denser materials in depth ( Table 2) . This is probably related to the decreased density of the weathered minerals and hence the weathered granitic rock, provoked by the feldspar breakdown and formation of clay minerals and gibbsite (Irfan, 1996) .
The voids ratio is reduced by half (0.7 to 0.36) from the upper to the lower horizons, however it has a noticeable increase in weathered rock I. This has effects on the increase of moisture, that ranges from 1, 0 to 1.83% in the same horizon.
The transition between the soft weathered rock I and II is marked by abrupt changes in the properties of the profile material. The voids ratio reaches its lowest value, and the moisture decreases 75% of its value ( Table 2) . It also marks the first appearance of kaolin minerals, and the surface where the slip scar was described in the field.
These changes in soil parameters probably means the presence of mechanical weak layers in the regolith profile, related to the main surface ruptures. The transition between soft weathered rock I and soft weathered rock II is probably the most important surface rupture in the area.
CONCLUSION
The catchment has a substrate formed by coarse granitic rocks. The weathering of these rocks forms a thin regolith with the conspicuous presence of boulders and pebbles. The observed thickness is about 3.0 m, as measured in some outcrops. It constitutes a typical granitic regolith in humid tropical environment, as characterized by the widespread occurrence of kaolinite/halloysite and gibbsite in the profile.
The soil analysis showed a silty-clay texture in the upper portions with transition to more sandy horizons near the limit bedrock/regolith. The geotechnical parameters show that the limit between soft weathered horizons I and II are well marked by abrupt decrease in voids ratio and soil moisture. This structure is coincident with the most prominent slip scar in the catchment. Probably this change and the observed rupture are due to the appearance of kaolin minerals in that boundary.
The next steps for this research are : 1) the more accurate determination of different geotechnical parameters, such as infiltration rates and runoff ; 2) the construction of a slope hydrological model and 3) stability slopes mechanisms determination.
The granitic regolith of this area is important to the understanding of landslide generation in initiation zones of debris flow prone catchments, improving the local and reginal susceptibility and hazards studies. The preparation of more accurate susceptibility and hazard maps are required for an effective risk management for the Serra do Mar region in Brazil.
